ABSTRACT: Harvesting energy from our living environment is an effective approach for sustainable, maintenance-free, and green power source for wireless, portable, or implanted electronics. Mechanical energy scavenging based on triboelectric effect has been proven to be simple, cost-effective, and robust. However, its output is still insufficient for sustainably driving electronic devices/systems. Here, we demonstrated a rationally designed arch-shaped triboelectric nanogenerator (TENG) by utilizing the contact electrification between a polymer thin film and a metal thin foil. The working mechanism of the TENG was studied by finite element simulation. The output voltage, current density, and energy volume density reached 230 V, 15.5 μA/cm 2 , and 128 mW/cm 3 , respectively, and an energy conversion efficiency as high as 10−39% has been demonstrated. The TENG was systematically studied and demonstrated as a sustainable power source that can not only drive instantaneous operation of light-emitting diodes (LEDs) but also charge a lithium ion battery as a regulated power module for powering a wireless sensor system and a commercial cell phone, which is the first demonstration of the nanogenerator for driving personal mobile electronics, opening the chapter of impacting general people's life by nanogenerators. KEYWORDS: Energy harvesting, triboelectric nanogenerator, self-powered system, lithium ion battery A rapid expansion of electronic devices 1−4 toward wireless, portability, and multifunction desperately needs the development of independent and maintenance-free power sources.
A rapid expansion of electronic devices 1−4 toward wireless, portability, and multifunction desperately needs the development of independent and maintenance-free power sources. 5−7 The emerging technologies for mechanical energy harvesting 8−10 are effective and promising approaches for building self-powered systems because of a great abundance of mechanical energy existing in our living environment and human body. Since 2006, piezoelectric nanogenerators (PNGs) 11−14 have been developed to efficiently convert tinyscale mechanical energy into electricity. Recently, another creative invention is the cost-effective and robust triboelectric nanogenerators (TENGs) 15−17 based on the universally known contact electrification effect. 18, 19 TENG harvests mechanical energy through a periodic contact and separation of two polymer plates. However, in order to realize sustainable driving of electronic devices/systems, the output of TENG must be significantly improved through a rational design.
The two different types of nanogenerators presented above have a similar underlying physical process 12, 17 for producing electricity: generation of immobile charges (ionic charges for PNG or electrostatic charges on insulators for TENG), and a periodic separation and contact of the oppositely charged surfaces to change the induced potential across the electrodes, which will drive the flow of free electrons through an external load. The electrical output and efficiency are radically determined by the effectiveness of the above two processes.
As for the charge generation in TENG, maximizing the generation of electrostatic charges on opposite sides is critical, which can be achieved by selecting the materials with the largest difference in the ability to attract electrons 20 and the modification of surface morphology. 16, 17 In another aspect, the effective periodic switching between separation and intimate contact of the two charged plates is vitally important to determine the electrostatic potential across the two electrodes, which is the driving force for the free electrons. For the platestructured TENG, it is not easy to achieve both complete contact and separation of the two oppositely charged plates upon pressing and releasing, especially under the electrostatic attraction between them. A firmly attached contact of the two oppositely charged surfaces is unfavorable for electricity generation. If we simply use a spacer between the two plates, 17 it will then hinder the complete contact of the two plates. In this paper, we completely solved this problem through an archshaped TENG with a steady gap between the plates at strainfree conditions. This was achieved through ingeniously introducing surface thermal stress during thin film deposition. 21, 22 On the basis of this unique structure, the voltage and current reached 230 V and 0.13 mA with an instantaneous maximum power density of 3.56 mW/cm 2 and 128 mW/cm 3 (note the latter was calculated using the entire volume of the device here and afterward unless specified). The power of a single device is high enough to continuously drive a LED. With the first realization of charging a lithium ion battery (LIB) to full capacity, the TENGs were combined with LIBs to form power modules for driving a wireless sensor system and a commercial cell phone. This is an unprecedented progress in rational optimization of the TENG design and its first application for self-powered systems, unambiguously demonstrating its feasibility for powering portable electronics, sensors for health care, environmental and infrastructure monitoring, and security. The arch-shaped TENG is based on the contact electrification between patterned polydimethylsiloxane (PDMS) 16 as the top plate and patterned Al foil as the bottom plate ( Figure 1a ). According to the triboelectric series 20, 23 ( Figure S1 in Supporting Information), the purposely chosen PDMS and Al are almost at the two ends with very large differences in ability to attract and retain electrons. The unique arch-shaped structure of the TENG from the naturally bent top plate, which helps to carry out the action of effective charge separation and contact using the elasticity of the film, is achieved by the following innovative fabrication process (Figure 1b,c): The top part starts from a piece of flat Kapton film (Figure 1b <i>) . A layer of 500 nm SiO 2 film is deposited using plasma-enhanced chemical vapor deposition (PECVD) at 250°C (Figure 1b <ii>) . Upon cooling to room temperature, the Kapton will shrink to a much larger extent than the SiO 2 film because of the large difference in thermal expansion coefficients, so that thermal stress across the interface will make the plate bent naturally toward the SiO 2 side (the curvature is calculated in supplementary discussion S1). Then, the prefabricated PDMS film with pyramid patterns ( Figure S2 ) is glued to the inner surface through a thin PDMS bonding layer (Figure 1b <iii>) . Finally, the electrode is deposited on top (Figure 1b <iv>) . As for the bottom plate, an aluminum foil (Figure 1c <i>) is patterned with a typical photolithography process: defining the photoresist to the array of square windows (Figure 1c <ii>) ; depositing a layer of aluminum on top (Figure  1c <iii>) ; and finally lift-off, leaving the patterned Al cubes on the foil (Figure 1c <iv>) . At last, the two as-fabricated plates of the same size are attached face-to-face and sealed at the two ends. The soft Al plate will be forced to bend outward under the contraction from the other plate, so that a gap will form naturally between. The patterned surfaces of PDMS film (Figure 1d ) and Al foil (Figure 1e ) are fabricated to enhance the triboelectric charging and are characterized using scanning electron microscopy (SEM). Both arrays are uniform and regular across a very large area.
The operation of the arch-shaped TENG is realized by applying a cycled compressive force onto the whole area of the device, so that the bending plates will be periodically pressed to flatten and contact closely with each other. Once released, the two plates will separate apart due to the stored elastic energy and revert instantaneously back to their original arch shape due to resilience. The working principle of the polymer−metal TENG is schematically depicted in Figure 2 using the numerically simulated electrostatic potential distribution arising from triboelectric charges (using COMSOL package). These semiquantitative results show that a cycled generation of the potential difference between the two electrodes drives the flow of electrons through an external load. At the original state before the contact of the triboelectric films (Figure 2a) , there is no charge transferred, thus no electric potential. Upon the pressing of the two films toward each other, they will be brought into full surface contact and possibly relative sliding would occur, which results in electron transfer from a material in the positive side of the triboelectric series to the one in the negative side in the series ( Figure S1 ). Accordingly, electrons will be injected from Al to the PDMS surface, leaving positive charges on the Al foil. Previous theoretical study on triboelectricity reveals that such a charge transfer process will continue in the first few hundreds of cycles until the accumulated charges reach a saturation and equilibrium; the negative charges will be preserved on the PDMS surface due to the nature of the insulator. 24 However, the positive triboelectric charges on the conductive Al foil would attract the electrons in the opposite electrode to flow through an external load, which is the observed current in this case. This process is different from the mechanism proposed for the polymer−polymer based TENG. After cycles of deformation, when the device is pressed and the surfaces with charges are in close contact with each other, all of the triboelectric charges will stay on the inner surfaces with the same surface density (σ 0 ) (Figure 2b ). Thus, these charges with opposite signs will be virtually in the same plane, and there will be little potential difference across the two layers due to the negligible charge separation. Once the pressing force is released, the TENG will immediately rebound back to its original arch shape due to the elasticity of the film so that a gap will form again between the two plates. From the numerical simulation result, if the charge transfer has not happened at the moment, the electric field generated by the separated surface charges will give rise to a much higher potential on the Al foil side than the top electrode (TE) (Figure 2c ). Such a potential difference will drive the flow of positive charges from Al foil to TE through the external load until the potential difference is fully offset by the transferred charges, rendering the TE with a surface charge density of Δσ, while the Al is left with σ 0 − Δσ (Figure 2d ). Subsequently, when the TENG is pressed again to reach the close contact of the two plates, these redistributed charges will inversely build a positive potential on TE (Figure 2e ), which will drive all of the transferred charges (Δσ) to flow back to the inner surface of the Al foil. Then a cycle is achieved, and the device will go back to the equilibrium state depicted in Figure 2b . This is a full cycle of electricity generation.
From the above simulation result, we can easily tell that both the voltage and current outputs are related to the amount of charges transferred (AΔσ, where A is surface area of the plate), which is determined by the triboelectric charge density (σ 0 ) and the separation distance of the two plates. As σ 0 is regarded as a constant, we did an analytical calculation based on the simplified model of quasi-infinite flat plates to give an idea on the magnitude of the distance required for the optimum output (supplementary discussion S2). The relationship of the ratio between Δσ and σ 0 , with the planar separation distance, is shown in Figure 2f . We can see that, when the separation distance starts to increase from 0 to 0.7 mm, Δσ keeps a very rapid increase from 0 to ∼90% of σ 0 . Then, the slope of this curve starts to decrease. Thus, it can be concluded that both an intimate contact and a subsequent separation of nearly 1 mm are required for the phenomenal transferring of charges. This is just the unique innovation and advantage of the purposely designed arch-shaped structure, which introduces sufficient resilience for separating the plates but without sacrificing the intimate contact and electrification.
Under the above-described periodic deformation scenario, the electric output measurement was performed on an archshaped TENG device at a size of 3 cm × 2.8 cm, with the triggering frequency of 6 Hz and controlled amplitude. Since the accumulation of the triboelectric charges increases and reaches equilibrium in a certain period of time after multiple cycles, the output will gradually go up in the first stage upon deformation ( Figure S3) . Then, the open-circuit voltage (V OC ) will stabilize at 230 V (Figure 3a) , measured by an electrometer with infinite input resistance. From the inset of Figure 3a , when the bottom Al is connected to the positive probe of the electrometer, upon the release of the pressing force, a positive voltage is generated because of the immediate charge separation. Since in an open-circuit condition the electrons cannot flow to screen the induced potential difference between the two electrodes, the voltage will hold at a plateau until the subsequent pressing deformation in the second half cycle. As shown in Figure 3b , the peak value of the short-circuit current (I SC ) reaches 94 μA, corresponding to the half cycle of pressing that is at a higher straining rate than releasing. The integration of each current peak gives the total charges transferred in a half cycle of deformation. Moreover, when the connection polarity to the electrometer is switched, both the voltage and current signal will be completely reversed. The gap from the archshaped structure is a key factor for the enhanced output because, without the SiO 2 -film-introduced bending, there will be much smaller and unstable electrical output ( Figure S4 ).
Besides the triboelectric charge density and the separation distance of the two plates, another factor that could influence the output of the TENG is the deformation frequency, which affects the straining rate. Since the mechanical energy from the environment is always irregular and varies in frequencies, it is necessary to study the dependence of TENG's output on the frequency. Thus, we tested the TENG device in a series of nine different frequencies, from 2 to 10 Hz, with the amplitude of the triggering motor remaining constant. As shown in Figure  3c , V OC almost remains the same at different frequencies. The probable reason is that, at the open-circuit condition, it does not involve the dynamic process of charge transfer. The voltage is only determined by the triboelectric charge density and the plate separation at any given time. But for the short-circuit current, it presents a very clear increasing trend with the increase of frequency, from 35 μA at 2 Hz to 130 μA at 10 Hz (Figure 3d ), because the deformation rate increases with deformation frequency, which leads to a higher flow rate of charges, that is, higher current ( Figure S5 ), but the total amount of charges transferred is constant at given triboelectric condition and separation distance. This is confirmed by the integration of every single current peak from each of the nine different frequencies (inset of Figure 3d ). Therefore, the instantaneous power output increases with the increase of frequency, so that it will be more eligible to drive electronic devices with larger power consumption. From the above results, when the frequency reaches 10 Hz, the instantaneous power output reaches up to 3.56 mW/cm 2 and 128 mW/cm 3 . The goal of the development of nanogenerators is to drive electronic devices by harvesting small-scale mechanical energy, so that the self-powered system can be realized. As for the energy conversion devices such as TENGs, there are generally two methodologies for them to be used as a power source. The first choice is to power devices directly using the pulses generated by TENGs, such as a chemical sensor 25 and a LCD. 26 In practice, the output power to the load depends on the match between the load and the power source. When the working TENG (under a frequency of 6 Hz) is directly connected to the loads of different resistances, we can find that the current through the load will generally decrease from I SC when the resistance increases from 0 (Figure 4a ), but the voltage across the load will follow an opposite trend and saturate to V OC when the resistance gets infinitely large. The instantaneous power on the load will reach the maximum value of 9 mW at a load resistance of ∼3 MΩ (Figure 4b ). On the basis of the above results, we have estimated the energy conversion efficiency for this structure. Since the thickness of the substrate used here has little influence on the electricity generation process but does consume a lot of mechanical energy, the output efficiency can be dramatically high if the thickness of the plate is reduced according to the feasible engineering fabrication while still maintaining the mechanical integrity of the TENG. On the basis of experimentally achievable design and fabrication, the efficiency of this structure with the same gap distance could be as high as 10−39% (supplementary discussion S3). In the other case, when the TENGs are used to drive polar devices such as diodes, the AC signals of the NG need to be rectified before being connected to the load. We can find that both the rectified voltage and current follow a similar trend (Figure 4c ) with the scenario of no rectification, and the only difference is that the voltage will not saturate but continues to increase as the load resistance above 100 MΩ. The maximum output power is 7.2 mW at a load of ∼2 MΩ (Figure 4d ), which is a bit smaller than the maximum power of 9 mW without rectification, simply because of the energy loss of the rectifier unit. The characteristic I−V curves for these two scenarios are depicted in Figure S6 .
The instantaneous output of the TENG can continuously drive LEDs. The real-time current signals flowing through the LED are given in Figure 4e . In comparison with the characteristic I−V curve of the LED, the peak current of 100 μA is more than sufficient to turn the LED on. Figure 4f shows snapshots taken from a flashing LED. Each instant of lightingup corresponds to a large peak of the output current. In coordination with the TENG's output characteristics discussed above, the resistance of the LED in "on" state is only about 23 kΩ, far below the range (1 to 100 MΩ) of rapid change of the current, so the current is almost the same as I SC , but the voltage on the LED is only ∼2.5 V. From Figure 4b , because the resistance of such a single LED is far below the maximum power point, TENG can also drive the flashing of up to 50 LEDs connected in series ( Figure S7 and videos S1 and S2), which only results in less than 5% decrease of the current. This demonstration clearly illustrates the ability of the TENG as a direct power source to continuously drive regular electronic devices.
In many cases, the AC pulses from the nanogenerators may not directly satisfy the need of some electronic devices/systems, because of either the requirement for a constant DC current or the higher power consumption than that generated by a single device. Thus, the output power needs to be regulated with an energy storage unit and a rectifier. 27 As for the energy storage device, lithium ion batteries (LIBs) are the most widely used and promising choice. 28 As the output (especially the current) from the arch-shaped TENG has reached the level to match the capacity of a LIB and overcome the self-discharge current, it will be feasible to use a TENG to charge a LIB. The electrical circuit of such a power source module is shown in Figure 5a . At the standby mode, the LIB is continuously charged by a TENG through a rectifier and is disconnected from the load (switch S1 on; S2 off). When enough charges have been stored, the module will move on to the active mode, in which the battery will be disconnected from the TENG charger (S1 off) and start to power the system (S2 on). Such a power source module is demonstrated using a homemade LIB, with LiCoO 2 as the cathode and graphite as the anode, with the same structure as commercial LIBs. In the standby mode, such a battery was fully charged by a TENG in 12.8 h, with the battery voltage increased from 2.5 to 4.2 V (Figure 5b) , which is the standard charging window for a commercial LIB of this type. The charging current provided by the TENG is shown in Figure S8 . This is the first time a LIB is fully charged by a nanogenerator! Then in the "active mode", it can run for 5.2 h with a constant discharge current at 2 μA, corresponding to a total capacity of 10.4 μAh. Such an operation model of switching between the two modes is suitable for a lot of applications, such as wireless sensor network systems that have a long standby mode and a short active mode. 29 The schematic diagram of such a system is shown in Figure S9 . If each module can be driven by an independent power source composed of a TENG and a LIB, the operation of the wireless sensor network could be maintenance-free. We demonstrated the powering of a wireless wind and humidex thermometer (Figure 5c and video S3), which consists of two partsan outdoor remote sensor panel to measure the temperature, humidity, and the wind speed, as well as to transmit the data back to the indoor receiver; a display panel with a data receiver, a data processing unit, and an integrated temperature sensor. We use two TENG-charged batteries (with charging curves similar to that in Figure 5b ) to power these two components (located ∼10 m apart), respectively, and a self-powered wireless sensor network system is realized. This type of power source module could solve two vital limitations for a battery: 30 (1) the periodical replacement of a drained battery; (2) the relatively big size and weight of the battery to ensure a longer life operation. Thus, this will realize the miniaturization of a battery or extend its lifetime, especially for nanosystems because they can be charged up at any time. The TENG can also be used together with a capacitor, in the case of fast charging and discharging, since it can charge a 47 μF capacitor to 10 V in 8 min ( Figure S10 ).
Another huge application of the combination of nanogenerator with battery could be in people's daily life, to power personal electronics. With the greatly enhanced output from a 9 cm 2 size single-layer arch-shaped TENG, we successfully used it to charge a commercial cell phone battery (which was completed drained, Figure S11 ). Then, it could drive a cell phone up again, including making a phone call (Figure 5d and video S4). Since the current of the TENG should be proportional to its area, if the TENG is scaled up in three dimensions, the charging rate could be tens of times higher, which is very feasible to fully charge a cell phone battery.
In summary, by rational design of an arch-shaped structure based on the contact electrification between a polymer and a metal film, we demonstrated a novel type of triboelectric nanogenerator with much improved power output of 3.56 mW/cm 2 and 128 mW/cm 3 (voltage of 230 V and current of 0.13 mA); and an estimated conversion efficiency of as high as 10−39% is possibly achievable. Such high output is achieved through controllable and revolutionary improvement on the effectiveness of charge separation and recontact process by purposely introducing thermal stress in the device fabrication. The mechanism for the first polymer−metal based TENG is illustrated through numerical simulation. The application of using the TENG as a power source has been demonstrated for two scenarios. TENG has been used to directly drive the continuous operation of an LED without rectification or storage. TENG has also been used to build up a power module together with a lithium ion battery for driving a wireless sensor system as well as a commercial cell phone. This study demonstrates a ground-breaking progress in development of high-power triboelectric nanogenerators, with outstanding applications as an effective power source for self-powered systems in sensor networks, portable electronics, biosensing and health care, environmental and infrastructure monitoring, and security. Methods. Fabrication of the PDMS Film with Pyramid Patterns. The fabrication process starts from photolithographic patterning of 4 in. (100) Si wafers with thermally grown SiO 2 on top. The patterned wafer with the array of square window openings was first etched by a buffered-oxide etching process to transfer the pattern onto the SiO 2 layer. Then, the wafer was etched in KOH solution to fabricate the recessed features of a pyramid. After being cleaned with acetone, isopropyl alcohol, and ethanol in sequence, the Si molds were treated with trimethylchlorosilane (Sigma Aldrich) by gas phase silanization to enable the easy peel-off of the PDMS film from the Si mold in the following step. In preparing the patterned PDMS film, the elastomer and the cross-linker (Sylgard 184, Dow Corning) were mixed in a 10:1 ratio (w/w) and then casted on the Si mold. After the degassing process under vacuum, the mixture was spin-coated on the Si mold at 500 rpm for 60 s. After the thermal curing process at 85°C for 1 h, the PDMS inked with pyramid patterns was peeled off from Si mold. The surface without patterns will be glued to the inner surface of the bending Kapton substrate.
Assembly of the Lithium Ion Battery. First, two different slurries for the two working electrodes were made, which contain 70 wt % active material (LiCoO 2 for cathode and graphite for anode), 10 wt % carbon black powders as conductor, 20 wt % polyvinylidene fluoride (PVDF) binder, and N-methyl-2-pyrrolidone (Sigma Aldrich) as the solvent. Then the slurries were casted onto the current collectors (Al foil for the cathode and Cu foil for the anode) with a uniform thickness of 10 μm. The electrodes were baked at 110°C under vacuum for 12 h. Then, 2016 stainless-steel coin cells were used for the battery assembly. The cathode and anode electrodes were stacked with a piece of polyethylene (PE) separator (MTI Corporation) between. After the system was filled with electrolyte (1 M LiPF6 in 1:1:1 ethylene carbonate/dimethyl carbonate/diethyl carbonate, Novolyte Technologies), the coin-cell was finally sealed. 
